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Abstract. The structure of nanowires of dierent metals grown within nanoporous alumina membranes
has been studied by EXAFS, WAXS and high energy X-ray diraction. Nanowires of gold, silver, copper
and iron adopt the lattice structure and bond distances of the bulk metals. Cobalt nanowires on the other
hand were composed of a mixture of hcp phase, stable at room temperature, and fcc phase, which in bulk
cobalt is normally stable only at high temperatures, in a ratio depending on the pore size. The nanowires
are non-continuous but are made of nanocrystallites whose shape and size was found to depend strongly
on the metal. All the metals except gold showed the presence of a preferred orientation which was slight
in the case of Ag and Cu but much stronger in the case of iron and cobalt nanowires.
PACS. 61.10.Ht X-ray absorption spectroscopy: EXAFS, NEXAFS, XANES, etc. { 61.10.-i X-ray dirac-
tion and scattering { 61.46.+w Nanoscale materials: clusters, nanoparticles, nanotubes, and nanocrystals
1 Introduction
There is a remarkable trend in materials research to pre-
pare and characterise nano-materials of quantum-dot size
in regular arrangements [1]. For instance, self-assembled
nanoparticles of magnetic transition metals have recently
attracted attention because of their potential use as
new information storage devices [2]. A promising way
to achieve a regular array of nano-materials is to use
nanoporous alumina membranes [3] as a template. These
membranes have a regular array of pores which can be
controlled by varying the conditions of preparation. They
are ideally suited as a matrix to position materials such
as carbon nanotubes [4], metal clusters and colloids [5] or
metal nanowires in connements with regular spacings.
In the framework of our EU-funded research network
CLUPOS [6] we have prepared a series of Au, Ag, Cu,
Fe and Co nanowires within nanoporous alumina mem-
branes of pore size varying from ca. 5 to 72 nm. These
nano-materials represent isolated one-dimensional quan-
tum wires with prospective applications in electronic de-
vices [7]. The physical properties of these nano-materials
are dierent from the bulk form. For instance the Fe and
Co samples feature unusual ferromagnetic properties [8].
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To achieve a better understanding of the physical prop-
erties of these new nano-materials, a full structural char-
acterisation using synchrotron radiation has been carried
out. We present here the results of EXAFS, WAXS and
High Energy X-ray Diraction (HED) measurements. EX-
AFS gives the local coordination geometry of the metal
atoms and the short-range metal-metal distances. WAXS
gives the overall lattice structure and an independent mea-
surement of metal-metal distances extending to longer
range. HED focuses on structural anisotropy.
2 Experimental
2.1 Preparation of nanoporous alumina membranes
The nanoporous alumina membranes are fabricated by an-
odising high purity aluminium in polyprotic acids [3,7].
The thickness, of the order of several microns, can be con-
trolled by of the length of the process. The pores are per-
pendicular to the membrane surface, packed in an ordered
hexagonal array with wall thickness comparable to pore
diameter. The pore diameters are monodisperse within
the 5-200 nm range and controllable as a function of the
constant anodising voltage applied. In our synthetic pro-
cedure, pore diameters above 12 nm are linearly related to
anode voltage (1.2 nm/V). Smaller pores, which would be
most desirable as hosts for quantum wires, show a more
complex relationship of size to growth voltage, and a less
regular pore structure.
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Table 1. Preparation conditions of the metal nanowires.
Metal Electrolyte Voltage
Au 1 g/l HAuCl4 + 20 g/l MgSO47H2O, pH 1.7 9
Ag 1 g/l AgNO3 + 41 g/l MgSO47H2O, H2SO4, pH 2 9
Cu 35 g/l CuSO4 + 20 g/l MgSO47H2O, H2SO4, pH 1.2 9
Fe 120 g/l FeSO47H2O + 45 g/l H3BO3, 1 g/l ascorbic acid 16
Co 50 g/l CoSO47H2O + 25 g/l H3BO3, 20 g/l glycerine 16
Pore diameters are measured by electron microscopy
of ultramicrotomed lms, but a more complete character-
isation of pore diameter and geometry has been performed
using SAXS. These data are currently under analysis [9].
2.2 Preparation of metal nanowires
Metal nanowires are produced within the nanoporous alu-
mina membranes. The pores are lled with dierent metals
(Au, Ag, Cu, Fe, Co) using an electrochemical AC plating
procedure with an appropriate electrolyte [7] (cf. Table 1).
Because the membrane acts as a rectier, the amount of
metal plated during the cathodic half-cycle is larger than
the amount of metal that is reoxidised during the anodic
half-cycle. This results in net metal plating. AC is used
rather than DC in order to prevent the system from being
polarised.
Since the membranes provide up to 1011 pores per cm2
that are perpendicular to the surface and nearly parallel
to each other, up to 1011 metallic nanowires per cm2 can
be prepared using this method.
After plating the metal, the aluminium can be dis-
solved from the back of the alumina lm by a 10% solution
of Br2 in methanol. This is necessary for diraction mea-
surements, where the aluminium lattice would dominate
diraction from the metal nanowires; but not for EXAFS,
which is an element-specic technique.
2.3 Synchrotron measurements
EXAFS data were collected at CLRC SRS (Daresbury,
UK) on beamlines 7.1 and 9.2. Measurements were made
in fluorescence mode using a 13-channel signal detector.
Membranes were stacked in order to produce a suitable
edge jump. Some brittle membranes (including those with
the aluminium backing removed) were ground with boron
nitride and pressed into pellets. Samples were cooled to
80 K with a cold nger liquid-nitrogen cryostat. EXAFS
data were collected up to k = 20 A−1. Signal/noise ratios
were improved by summing several datasets.
WAXS data were collected at ESRF (Grenoble,
France) on beamline ID01 operating under beam condi-
tions of 6 GeV, 90 mA, 16-bunch mode using an X-ray en-
ergy of 8.00 keV, corresponding to a wavelength of 1.54 A.
Data were collected at sample temperatures of 298 K. The
Table 2. Representative EXAFS nearest-neighbour distances
and Debye-Waller factors for metal nanowires in alumina pores
of the stated diameters.
Metal pore lattice R /A 22 /A−2 R-factor
Au 48 nm fcc 2.869(3) 0.0073(1) 21.0%
Ag 48 nm fcc 2.878(2) 0.0093(5) 21.2%
Cu 24 nm fcc 2.544(3) 0.007(1) 30.0%
Fe 24 nm bcc 2.479(3) 0.005(1) 27.0%
Co 12 nm fcc 2.497(3) 0.012(1) 24.0%
Co 48 nm hcp 2.500(3) 0.005(1) 19.0%
crystallite diameters were calculated from the widths of
the (111) peaks using the Scherrer formula.
High Energy X-ray Diraction measurements were
made at ESRF (Grenoble, France) on beamline ID15B op-
erating under beam conditions of 6 GeV, 80 mA, 16-bunch
mode using an X-ray energy of 90 keV, corresponding to
a wavelength of 0.13689 A. This station is tted with a
2D image-plate detector giving the azimuthal variation of
the diraction pattern up to a k-value of above 25 A−1.
The membranes were studied mounted on a special sample
holder allowing a full rotation (-variation) of the samples
by 360 degrees. They were rotated in the main beam to
present a varying angle of the nanowire axis to the scat-
tering vector, including membrane positions face-on and
edge-on to the incident beam. Data were collected at sam-
ple temperatures of 298 K.
3 Results and discussion
Nearest-neighbour metal-metal distances and lattice
structures, obtained from analysis of the EXAFS and
WAXS data, are summarised in Table 2.
Because ordinary diraction measurements cannot see
clearly the anisotropy of the structure, HED was capable
of giving much more valuable information than WAXS on
the preferred orientation. When the membrane was face-
on to the beam (the nanowire axis parallel to the beam)
no preferred orientation could be seen. The data presented
in this paper were collected with the membrane edge-on
to the incident beam (nanowire axis perpendicular to the
beam).
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Fig. 1. WAXS patterns (ESRF beamline ID01) of gold
nanowires in 20V and 60V alumina membranes, with the pat-
tern from bulk gold for comparison.
The very high quality of these HED patterns taken
with the image plate detector on ESRF beamline ID15B
demonstrates the remarkable capability of this equipment
in terms of the characterisation of preferred orientation.
The results are exceptional considering the very low metal
content of these samples (less than 1% by weight).
3.1 Gold nanowires
Nanowires grown in 20, 40 and 60V membranes were inves-
tigated. Gold nanowires were found to have the same fcc
structure and Au-Au distance as the bulk metal, but with
smaller EXAFS Debye-Waller factors indicating a higher
degree of crystallinity [10]. Figure 1 shows the WAXS pat-
terns of nanowires in the 20V and the 60V membranes.
The study of the fwhm of the (111) reflection of the
WAXS data showed that crystallites in the membranes
with 24 and 72 nm pore diameter have an elongated shape
of respectively 7 and 9 nm diameter. Several crystallites
occupy the pore diameter. The high-energy diraction
data showed no sign of the presence of preferred orien-
tation.
X-ray absorption near-edge spectroscopy (XANES)
has shown the electronic structure of these nanowires to be
intermediate between that of Au clusters and bulk Au [10].
3.2 Silver nanowires
Nanowires grown in 4, 8, 10, 40 and 60V membranes were
investigated. Silver nanowires adopt the same fcc struc-
ture as their bulk form but with higher crystallinity as
shown by the EXAFS Debye-Waller factors. The crystal-
lites in the small pores of diameter 9.6 and 12 nm have
Fig. 2. High-energy diraction pattern (ESRF beamline
ID15B) of Fe nanowires in alumina with 24 nm pore diameter.
roughly the same diameter as the pore, respectively 8.6
and 12.6 nm. In the bigger pores of 48 and 72 nm diam-
eter, crystallites adopt an elongated shape of respectively
25 and 11 nm diameter with several crystallites occupying
the pore diameter. A slight preferred orientation with the
[110] direction perpendicular to the pore axis was found
for the 72 nm pores. For the 4V membrane, the Ag crystal-
lite size was 12 nm, showing clearly that for the smallest
pore size the metal has not grown conned within the
pores.
3.3 Copper nanowires
EXAFS and WAXS showed that Cu nanowires grown in
20V membranes adopt the same fcc structure as bulk Cu.
Crystallites of 12 nm diameter occupy the 24 nm pore
diameter. Only a very slight preferred orientation of the
crystallites could be seen in the HED pattern, with the
[110] direction perpendicular to the axis of the wire.
3.4 Iron nanowires
Fe nanowires grown in 10V and 20V membranes were
investigated. EXAFS and HED both showed that iron
nanowires in pores of diameter 12 nm and 24 nm are struc-
turally similar to bcc bulk iron. However their XANES
shows signicant dierences from the bulk. The EXAFS
structural analysis and the XANES present no sign of oxi-
dation, a result conrmed by Mo¨ssbauer spectroscopy [8].
Figure 2 shows the HED pattern of Fe nanowires in
alumina with 24 nm pore diameter. The nanowires are
made of crystallites of 7.8 nm diameter. A strong preferred
orientation with the [110] or [111] directions perpendicular
to the pore axis can clearly be seen on this pattern.
These Fe nanowires have been found from suscepti-
bility measurements and Mo¨ssbauer spectroscopy to have
unusual anisotropic magnetic properties [8]. Our results
give a structural explanation for these properties.
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Fig. 3. HED pattern (ESRF beamline ID15B) of Co nanowires
in alumina with 48 nm pore diameter.
3.5 Cobalt nanowires
Unusual anisotropic magnetic behaviour has been re-
ported for cobalt nanowires [8]. As the magnetic measure-
ments showed dierences according to the pore size, two
Co nano-wires grown in 10V and 40V membranes were
investigated. Diraction measurements showed that both
cobalt nanowires were composed of a mixture of two dif-
ferent phases: the hcp phase, stable at room temperature,
and the fcc high temperature -form of the cobalt struc-
ture that is normally only stable above 417 C [11]. For
the bigger pore of 48 nm diameter, the hcp phase formed
the majority whilst for the smaller pore size 12 nm the
main phase present seemed to be the fcc phase.
The high energy diraction pattern of the 48 nm pore
diameter is presented in Figure 3. Moreover, in the 48 nm
pore we found a very strong preferred orientation with the
[100] direction perpendicular to the pore axis for both fcc
and hcp structures. The preferred phase and orientation
both seem to be very sensitive to the pore diameter. The
cobalt nanowires are composed of crystallites of spherical
shape lling completely the diameter in the 12 nm pores
and of 19 nm diameter in the 48 nm pores.
It was recently concluded [12] from 59Co NMR spec-
troscopy that cobalt nanowires in commercially available
porous alumina lms of 20 nm and 100 nm pore diameter
consist of a mixture of fcc and hcp phases with the unique
axis of the hcp phase oriented preferentially perpendicular
to the wires. Our diraction results are a direct structural
conrmation of the mixture of phases, but show a dier-
ent preferred orientation, raising the possibility that this
is sensitive to the pore diameter and growth conditions.
4 Conclusions
Using EXAFS, WAXS and High Energy X-ray Diraction,
we have structurally characterised nanowires of gold, sil-
ver, copper, iron and cobalt conned within nanoporous
alumina membranes.
The metal nanowires are polycrystalline and composed
of crystallites showing a great variation of size, shape and
orientation according to the metal type and the pore size.
The gold, silver, copper and iron nanowires adopt the
same structure as their bulk forms but present a dierent
crystallinity. For the cobalt nanowires, a mixture of fcc
and hcp phases is observed in a ratio depending on the
alumina pore sizes, with fcc (normally stable only at high
temperatures) preferred in small pore size.
The sensitivity to pore size of the phase type and/or
preferred orientation of Fe and Co nanowires, which we
have demonstrated by our structural studies, is the key to
understanding their magnetic behaviour.
The connement of these metal nanowires within the
alumina membranes seems to confer on them very un-
usual properties and structure. The use of these alumina
membranes as templates to prepare new types of nano-
materials looks very promising.
Our work is part of the EU TMR network CLUPOS which
is studying the potential application of these materials in elec-
tronic devices [6]. For nancial support we thank the EU TMR
programme contract number FMRX-CT98-0177. We also wish
to acknowledge the use of the EPSRC’s Chemical Database
Service at Daresbury [13].
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